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Abstract
A significant frequency dependence of the ESR line width is found in NaV2O5
between 34-100 K and the line width increases as the resonance frequency is
increased from 95 GHz to 760 GHz. The observed frequency dependence
is qualitatively explained in terms of the dynamical charge disproportiona-
tion. The present results show the essential role of the internal charge de-
gree of freedom in a V-O-V bond. We have also proposed the existence of
the Dzyaloshinsky-Moriya interaction in the low temperature charge ordered
phase considering the breaking of the selection rule of ESR realized as the
direct observation of the spin gap excitation.
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I. INTRODUCTION
A charge degree of freedom in NaV2O5 and its role for the spin gap formation is the prob-
lem of current interest. At first, the opening of a spin gap below Tc=34 K was interpreted as
the indication of spin-Peierls transition. [1] The one-dimensional character observed in the
magnetic susceptibility has been explained by the model, in which magnetic chains made up
of V4+ ions are running along the b-axis and these chains are separated by the non-magnetic
chains consists of V5+ ions. The basis of this model is the structural analysis by Carpy and
Galy suggesting the noncentrosymmetric space group P21mn. [2] However, it has been re-
ported recently by the X-ray diffraction measurements that only single V site exists at room
temperature and the crystal structure belongs to the centrosymmetric space group Pmmn.
[3–5] This new structural model shows that NaV2O5 is a mixed valence(MV) compound at
room temperature and a spin is delocalized in a V-O-V bond, which is a rung of a quarter-
filled two-leg ladder as shown in Fig.1. Hence, the origin of the transition at Tc has been
reconsidered as the charge ordering(CO) and several theoretical models have been proposed.
[6–10] In fact, the evidences of CO have been reported in NMR [11], thermal conductivity
and dielectric constant. [12–14]
An important nature of the CO of NaV2O5 is that many kinds of thermodynamic quan-
tities develop continuously below Tc and that a first-order nature is almost absent. [15] As
is well known, for a second-order phase transition, we can expect a short-range correlation
of the order parameter above Tc. The second-order like behavior in NaV2O5 implies that a
short range correlation of the charge develops toward the static CO at Tc. In fact, precursor
phenomena of the transitions are observed in many experiments such as, optical conduc-
tivity [16], sound velocity [17] and X-ray diffuse scattering [15]. At this point, it is worth
reminding us another important point that the CO in NaV2O5 is unconventional in a sense
that the order parameter is the left or right shift of a electron in a V-O-V bond. In another
word, the transition is related to the internal charge degrees of freedom in a V-O-V bond.
In this case, a short range order of charge:a dynamical charge disproportionation appears
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as the instantaneous charge ordering in short range caused by the coherent left or right shifts
of electrons in the neighboring V-O-V bonds. Therfor, it is very interesting to study the pro-
cess in which a charge on V-O-V bond disproportionates into different V-sites. The problem
of a dynamical charge disproportionation has been discussed by several authors. [18,19] For
example, Damascelli et al. proposed the charged magnon model to explain the anomaly of
optical conductivity In this model, the occurrence of the asymmetrical charge distribution
above Tc is suggested. However, the time scale of the dynamical charge disproportionation
has not been known yet, since the time window of the most of microscopic probes is much
lower than the time scale of charge hopping.
Recently, it has been proposed by Nishimoto and Ohta that a submillimeter wave ESR is
one of the candidates to probe such fast charge motion. [18] As is well known, the ESR line
width is a sensitive probe of the spin dynamics. Although several ESR investigations have
been so far reported on NaV2O5. [20–22], a systematic study of the frequency dependence
of ESR line width has not been done yet. Hence, we examined ESR line width in wide
frequency range to study the dynamical charge disproportionation above Tc. This is the
main issue of the present work.
Other interesting subjects in NaV2O5 are the mechanism for the spin gap formation
and the related CO pattern. Although the existence of the CO is widely accepted, the low
temperature crystal structure is still unclear. [23,24] A ESR measurement gives us useful
information to select possible CO patterns as follows. As reported in the previous paper, we
have succeeded in the direct observation of spin gap excitation by means of submillimeter
wave ESR. [25] It was found that the lowest energy gap was located at 8.13 meV and that
this mode was triplet, which were consistent with results of neutron scattering. [26–28] To
explain the important features such as strong field orientation dependence of ESR intensity,
we proposed the existence of the Dzyaloshinsky-Moriya(DM) interaction in the spin gapped
CO phase. As is well known, the DM interaction appears only in a crystal without an
inversion symmetry and the direction of the DM-vector is closely related to the crystal
symmetry. Therefor, our observation is useful to discuss candidates of CO patterns at low
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temperature.
II. EXPERIMENTAL
Submillimeter wave ESR measurements have been performed by using pulsed magnetic
fields up 30 T. Far-infrared(FIR) radiations between 95-760 GHz are supplied by an optically
pumped FIR laser, Gunn oscillators and backward traveling wave tubes. We have employed
the simple transmission method with Faraday configuration where the propagation vector
of the incident radiation is aligned parallel to the external magnetic field. Much efforts have
been paid to exclude the extrinsic broadening of the line width caused by the inhomogeneity
of a magnetic field. We evaluated the field inhomogeneity by observing the resonance fields of
the several small pieces of DPPH located all around the NaV2O5 sample. Since the line width
of each DPPH block is less than 0.1 mT, we can measure the local field at the position of
each block by using the sufficiently small size of DPPH. By this way, the spatial distribution
of the magnetic field over the NaV2O5 sample can be obtained by monitoring the splitting
of the resonance fields among the DPPH blocks set around a NaV2O5 sample. To minimize
the field inhomogeneity, we used a small sample with the dimensions of 0.2×0.5×1.5 mm3
and we adjusted the sample position within the accuracy of 1 mm in the magnet.
III. RESULTS
A. Frequency dependence of line width
The temperature dependence of the ESR spectra at 190 GHz for B‖c and the integrated
intensity are plotted in Fig. 2 and Fig. 3, respectively. Above Tc, the signal shows a
typical Lorentzian line shape and this fact indicates the existence of a strong exchange
narrowing effect. Although the resonance field is almost temperature independent as shown
in Fig. 2, a characteristic change of the line width is observed. Above Tc=34 K, the line
width decreases as the temperature is decreased. Such behavior has been observed in many
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different materials, in which a line width is governed by the anisotropic exchange interaction.
[34] The rapid decrease below Tc is due to the effective dilution of the interactions acting
among the spins for the opening of spin gap and this is associated with an urgent decrease
of the intensity as depicted in Fig. 3. In the figure, the origin of a small residual intensity
observed below 20 K may be caused by undimerized V4+ spins originated from a small
amount of Na vacancies. It is also noticed that the width becomes broader below 20 K
and the line shape changes from Lorentzian to Gaussian. As is well known, a Gaussian
line shape is expected when exchange narrowing effect and motional narrowing effect are
completely lifted. Thus the changes suggest that the freezing of the dynamical motion of
spins associated with the localization of impurity spin-charge. This point will be discussed
later. In the following, we focus on the signal above Tc.
The most important result is the remarkable frequency dependence of the line width
found below 100 K as shown in Fig. 4. In the plot, the extrinsic line width caused by the
inhomogeneity of a magnetic field is subtracted. At 95 GHz, the line width decreases linearly
as the temperature T is decreased, which is consistent with the previous report at 9.3 GHz
and at 23.5 GHz. [22]. At 135 GHz and above 70 K, the line width is almost identical with
that at 95 GHz. However, below 70 K, a definite deviation is observed between data at
those two frequencies. The temperature dependence becomes less steeper as the frequency
is increased from 95 GHz to 135 GHz. As the frequency is increased further, the deviation
from the 95 GHz data becomes more pronounced and plateau like structures appear at
higher frequencies. It is noticed that the effect appears below 100 K and the line width is
frequency-independent above 100 K. For this behavior, we speculate that the anomaly of
the line width is a precursor effect caused by the dynamical charge disproportionation.
It should be noted that a plateau like structure is also found for the data measured at
134 GHz and 220 GHz by Schmidt et al. [21], although the frequency dependence is masked
for the scattering of data. In fact, it was very difficult to suppress the error of the line width
at higher frequencies such as 585 GHz or 762 GHz. In Fig. 4, the scattering of the data
is less than 0.01 % of the resonance field but it is finite in the absolute value, especially in
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very strong magnetic fields above 20 T. In spite of such difficulties, the present systematic
research elucidates the existence of the remarkable frequency dependence of ESR line width
as a precursor phenomenon of the CO. It should be noted that the time scale of the dynamics
is clearly detected by ESR.
To show the frequency dependence of line width more clearly, the width is plotted as a
function of frequency at several different temperatures in Fig. 5. The data points at 23.5
GHz measured by Yamada et al. are plotted together. The plot clearly exhibits, below
100 K, that the frequency dependence of the line width develops gradually towards Tc.
At T=36 K, the maximum of the line width is located around 700 GHz, which is related
to the typical frequency of this precursor phenomena. As is well known, the ESR line
width is related to the spin dynamics, however, such frequency dependence is not expected
for a conventional quantum spin chain unless the magnetic field becomes comparable with
the exchange coupling. In the present case, even at very high field above 20 T, the field
intensity is only a few % of the saturation field because the exchange coupling of the present
material is very large as J=560 K. [1] Thus the observed frequency dependence cannot be
attributed to the field effect of the spin dynamics. A more plausible origin is the reduction
of the exchange narrowing caused by the dynamical charge disproportionation in the V-
O-V bonds. In another word, a slowing down of the charge motion in the V-O-V bonds
is detected as the suppression of the exchange narrowing effect. If this idea is correct,the
frequency dependence effect should depend on the polarization of the radiation relative to
the V-O-V bonds.
Figures 6(a) and 6(b) show the temperature dependence of the line width at different
frequencies for B‖a and for B‖b, respectively. The frequency dependences of the line width
are also observed for these configurations. However, the broadening effect is approximately
half of that for B‖c. It is found that the anisotropy between B‖a and B‖b is small. This field
orientation dependence can be understood as follows. In the Faraday configuration which
we employed for the present work, the polarization of the incident radiation lies in the plane
normal to the external field. The polarization is random within this plane, because we use
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the unpolarized light. It is natural to assume that the coupling between the radiation and
the charge motion is strong when a polarization of the incident radiation lies parallel to the
ab-plane, since charges are confined in this plane for the two dimensional network of V-O-V
bonds. Thus the effect is expected to be large for B‖c, where the polarization of the incident
radiation lies in the ab-plane. On the other hand, we can expect a smaller effect for B‖a
and for B‖b because only the half of the polarization of the incident radiation lies in the
ab-plane. These expected features are consistent with the experimentally found orientation
dependence of the line width. Hence, we consider that our interpretation for the frequency
dependence of the line width is plausible.
B. spin-gap excitation
In the previous work, we reported the direct observation of the spin gap excitation
by ESR. [25] As is well known, the ESR transition between the ground singlet state and
the excited triplet state due to the mechanism of magnetic dipole transition is forbidden
in principle. However, the presence of a non-secular term such as anisotropic exchange
interaction or DM-interaction make it possible to observe this transition by means of ESR.
Since these terms are closely related to the symmetry of the crystal, it is very useful to
know the symmetry of the low temperature CO phase. Since the results are given in the
previous work, let us show only the most important features of the experiments. Figure 7
shows the angular dependence of the ESR spectra for three principal crystal axes. A strong
anisotropy of the intensity is found and the absorption is strongest for B‖a and is almost
zero for B‖c. On the other hand, the intensity of the transition shows no significant field
dependence. These features suggest that the DM-interaction is the origin of the breaking of
the ESR selection rule and this point will be discussed in the next section. [25]
The temperature dependence of the spectra is shown in the inset of Fig. 8. The intensity
is also plotted in Fig. 8 as the function of the temperature. It decreases rapidly as the
temperature is increased and the signal disappears above 20 K. As shown in the inset of
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Fig. 8, the resonance field of the spectrum shifts to the higher field side with increasing
temperature. The temperature dependence of the energy gap is evaluated from the shifts
in the following way. The ESR signal at this frequency belongs to the Sz=1 branch of the
triplet(see Fig. 2 of the reference [25]). In this case, we can expect that the resonance field
at a fixed frequency is increased when the zero field energy gap is reduced. Thus, we can
estimate the temperature dependence of the energy gap by using the shift of the resonance
field and the result is plotted in Fig. 8. It was found that the reduction of the gap is only
about 1 % at 20 K. This small temperature dependence of the energy gap is consistent with
the results of neutron scattering. [26] The present results show that the intensity of the spin
gap excitation is much decreased, although the magnitude of energy gap is unchanged.
The rapid decrease of the signal cannot be attributed to the thermal excitation of the
spins across the energy gap because the Boltzman factor exp(-∆/kBT) for the lowest triple
branch Sz=1 is only 0.009 at 20 T and at 20 K. A more plausible interpretation is that the
magnitude of the DM-interaction becomes small above 20 K. As is well known, the DM-
interaction appears only in a crystal without inversion symmetry. As mentioned before, the
crystal structure above Tc is centrosymmetric and thus, the DM-interaction is brought into
the system as the consequence of the CO. At this point, it is noticed that the intensity of the
superlattice peak relating to the CO gradually develops below Tc and saturates around 20
K. [29] In this case, we can expect that the DM-interaction shows a substantial temperature
dependence and consequently, we can expect the decrease of the intensity of the spin gap
excitation above 20 K.
Considering the gradual development of the CO below Tc, the broadening of the line
width and the change of the line shape from Lorentzian to Gaussian of the impurity signal,
which is mentioned in the former sub-section, can be also explained as follows. When the
CO becomes completely static below 20 K, the impurity charge caused by the Na vacancies
cannot hop to different sites and, as a result, the motional narrowing effect is completely
lifted. It is also noticed that the exchange narrowing effect caused by an exchange coupling
between the impurity can be neglected since the density of the impurity is very small. As
8
shown above, the present interpretation is more plausible compared to another interpretation
that the residual ESR signal is the manifestation of the antiferromagnetic ordering. [20]
IV. DISCUSSION
A. Charge disproportionation and line width
In this section, we discuss the origin of the frequency dependence of the line width.
Although the general theory of ESR was invented by Kubo and Tomita long time ago
[30], the actual calculation of a correlation function for a quantum spin chain in the low
temperature condition is non-trivial and is still very difficult. [31–34] It is much difficult
for NaV2O5 because a charge degree of freedom should be taken into account. Since no
applicable theory has been given for this case, we discuss the results qualitatively in terms
of the exchange narrowing effect.
In the framework of the exchange narrowing theory, the line width ∆H is given by
∆H =
h¯
gµB
M2
ωex
, (4.1)
where M2 is the second moment of the perturbation and ωex=J/h¯ is the exchange frequency.
The second moment M2 is caused by the anisotropic part of the spin Hamiltonian such as
dipole-dipole interaction, anisotropic exchange(AE) interaction and DM interaction. In the
following, we do not discuss the origin of M2. The main contribution for ωex is the effective
exchange coupling along the b-axis Jb. If the internal charge degrees of freedom in a V-O-V
bond is neglected, the system can be mapped onto a S=1/2 spin chain coupled by Jb. We
discuss at first this model to show that no frequency-dependence of the line width is expected
for this case.
When the frequency of ESR is increased, the resonance field is automatically increased.
Therefor, we have to consider both the frequency effect and the field effect on spin dynamics
and on exchange narrowing effect. As mentioned before, no field effect on spin dynamics is
expected for a S=1/2 spin chain as long as the reduced field h=H/Jb satisfies the condition
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h=H/Jb≪1. For the exchange narrowing, since the exchange coupling Jb=560 K is very
large in the present system, the condition ωob ≪ ωex is satisfied in our experiments, where
ωob is the frequency of ESR used in the experiment. In this case, the frequency effect for
the exchange narrowing is negligible. Another candidate is the field induced staggered field.
This case has been studied intensively for Cubenzoate and a considerable field effect on line
width was found. [34,35] However, a staggered field is not expected for the crystal structure
of NaV2O5. Moreover, the shift of the resonance field, which should appear for such case,
is not observed as shown in Fig. 2 and thus this possibility is also excluded. Hence, it is
turned out that we cannot explain the frequency dependence of line width in the framework
of the exchange narrowing effect on a conventional S=1/2 spin chain.
When the internal charge degrees of freedom is considered, we can show qualitatively that
the dynamical charge disproportionation affects the line width in two possible mechanisms.
The first candidate is the modulation of the exchange interaction Jb by the charge hopping in
a V-O-V bond. As shown in Fig. 9, for the charge distribution in the bond, several different
charge arrangements are possible and the exchange coupling between two neighboring spins
are different among these arrangements. In this case, the Jb is modulated in the charge
hopping frequency ωh and this modulation gives an extra contribution for ωex in eq(1). At
higher temperature, ωh is much higher than ωob and thus the modulation of Jb is averaged
out. When temperature is close to Tc and the dynamic charge disproportionation is well
developed, the condition ωob ∼ ωh may be satisfied at high frequencies. In this case, the
modulation of Jb is decoupled and thus the denominator of the eq (1) is decreased. As a
result, we can expect the increase of the line width at high frequencies when ωob ≥ ωh.
The second candidate is the instantaneous increase of the second moment M2. As is well
known, the DM-interaction gives the largest contribution forM2 and thus we discuss only this
case in the following. [36] It should be noted that the DM-interaction does not exist in the
centrosymmetric crystal structure above Tc and thus we have to consider the local symmetry
breaking of the crystal to cause the DM-interaction. When a particular charge arrangement
breaks the inversion symmetry of the crystal locally, an anti-symmetrical anisotropy of the
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exchange interaction is induced at that position. Such anisotropy contributes to the excess
increase of the M2 and thus contributes also to the increase of the line width. However, this
effect is not detected by ESR when the frequency of the local symmetry breaking is higher
than the ωob because the effect is averaged out. In this way, the increase of the line width
is realized only when the condition ωob ≥ ωh is satisfied at high frequencies. At this point,
it is important to point out that the symmetrical part of the exchange interaction does not
contributes to theM2. [34] For this special feature of ESR, the increase of the second moment
is realized only when the charge arrangement is associated with the breaking of the local
inversion symmetry. The possibility of such local symmetry breaking was first proposed
by Damascelli et al. as ”charged magnon model” to explain the optical spectra. [16]. It
should be stressed that such local symmetry breaking picture is compatible with our second
interpretation.
As discussed above, we can qualitatively explain the frequency dependence of the line
width by considering the internal charge degrees of freedom in a V-O-V bond, although it is
not clear which mechanism mainly contributes to the present result. It is also noticed that
the proposed mechanisms are valid for the two-leg ladder model, in which two charges are
located in a V-O-V bond. The essential point is that the dynamical charge distribution can
give rise to the modulation or the anistropy of exchange coupling.
A further support for our interpretation is the fact that the precursor effects are observed
in many experiments between Tc and 100 K. [12,15,17] This temperature regime is exactly
same where we observed the frequency dependence of line width. Among these experiments,
the observation of the diffuse superlattice peak in X-ray scattering [15] attracts much inter-
est, because it is compatible with our second proposal that the local symmetry breaking of
the crystal occurs even above Tc. Finally, we conclude that the dynamical charge dispro-
portionation is the origin of the frequency dependence of the ESR line width. It should be
stressed that the time scale of the charge hopping is clearly determined, for the first time,
by means of high frequency ESR technique. We also stress here that the our finding is a
completely new phenomenon, in a sense that the internal charge hopping in a chemical bond
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state is examined experimentally.
B. Crystal symmetry of the charged ordered phase
As is well known, the ESR transition is forbidden between the ground singlet state and the
excited triplet state, unless a non-secular term exists in the spin-Hamiltonian. [36] Possible
candidates for such non-secular term are the following:(1) DM interaction, (2) staggered
field and (3) AE interaction. Recently, it has been reported that the crystal structure of the
charge ordered phase is acentric and thus the DM interaction should be taken into account.
[23]
The mechanism (2) and (3) are not adaptable for NaV2O5 for the following reasons.
For the staggard field mechanism, we can expect two distinct features:(i)the strong field
dependence of the intensity and (ii)the absorption is observed for Voight configuration where
k⊥B. In the present case, these features are not observed. [25] For AE mechanism, the zero
field splitting between Sz=1 and Sz=-1 branches is expected and in fact, this feature is
experimentally observed in SrCu2(BO3)2 recently. [37] Since no such splitting is observed
for NaV2O5(see Fig. 2 of the reference [25]), we can also exclude this candidate. At this
point, we mention the theoretical proposal that large AE interaction exist in NaV2O5. [38]
We point out here that no evidence of large AE is observed in our experiments although the
resolution of ESR is very high.
Next we consider the DM interaction. In the previous work, we speculated that the DM-
vecotor D is along the c-axis from the analogy of the CuGeO3 case. However, for CuGeO3,
the situation is rather complicated because there are two inequivalent sites in a unit cell.
Recently, Sakai proposed following selection rules:(i)when D‖B, ESR is observed for Faraday
configuration and the intensity shows no strong field dependence, (ii)when D⊥B, ESR is
observed for Voight configuration and the intensity strongly depends on the field. [39] Since
we measured the ESR in Faraday configuration, we consider the former case. As shown in
Fig. 7, the intensity is strong for B‖a, weak for B‖b and zero for B‖c. It is also found that
12
the intensity shows no strong field dependence. [25] Considering these features, we conclude
that the D-vecotor is located in the ab-plane and is nearly parallel to the a-axis.
We now discuss the symmetry of the charge ordered phase and the symmetry of the
spin-Hamiltonian by using the well known Moriya’s criterion about the direction of the D-
vector. [40] In the following, we use the notation given by the Lu¨deck et al. [23] For the
two-leg ladder model shown in Fig. 1(b), the DM-interaction exists between neighboring
two spins along the a-axis at V1 sites and possible direction of the D-vector are D⊥c and
D⊥a. For the neighboring two spins along the a-axis at V2 sites, D‖b is expected. For
the zig-zag model shown in Fig. 1(c), considering the Moriya’s criterion, we can expect
that the DM-interaction exists between two spins in the diagonal direction and D⊥c. For
the in-line model shown in Fig. 1(d), we cannot expect the DM-interaction between the
two neighboring spins. The former two models are compatible with our proposal that the
D-vecotor is nearly parallel to the a-axis, however, it is unclear which model is realized
in the present case. In is also noticed that, in the case of the two-leg ladder model, the
dimerization is expected along the a-axis at V1 sites. To select the most plausible model,
it is necessary to calculate the transition matrix element theoretically, which has not been
made yet. For such calculation should interpret that only the acoustic mode is observed by
means of ESR(see Fig. 2 of the reference [28]).
V. CONCLUSION
A remarkable frequency dependence of the ESR line width found above Tc and is ex-
plained as the manifestation of the dynamical charge disproportionation toward the charge
ordering. The time scale of the charge hopping is clearly determined, for the first time, by
means of high frequency ESR technique. The present results show the important role of the
internal charge degrees of freedom in a V-O-V bond. The direction of the D-vector is also
proposed, which is useful to examine the spin-Hamiltonian and the crystal structure of the
charge ordered phase.
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FIGURES
FIG. 1. (a)Schematic crystal structure at room temperature projected along the c-axis. Arrow
and ellipsoide indicate spin and charge distribution, respectively. Figures (b)-(d) show possible
candidates for charge ordering patterns:(b)two-ladders, (c)zig-zag and (c)in-line. Large circle and
small circle denote V4+ and V5+ sites, respectively.
FIG. 2. Example of ESR spectra for H ‖ c at 190 GHz. The vertical scale is magnified by 10
times for upper two traces. The vertical position of each spectrum is shifted for convenience.
FIG. 3. Temperature dependence of the integrated intensity at 190 GHz for H ‖ c.
FIG. 4. Temperature dependence of line width for H ‖ c at different frequencies
FIG. 5. Frequency dependence of line width for H ‖ c. The data at 23.5 GHz are identical
with those plotted in Fig. 1 of Ref.[22]. Lines are eye-guides.
FIG. 6. Temperature dependence of line width for (a)H ‖ a and (b)H ‖ b at different frequencies
FIG. 7. ESR spectra for spin gap excitation measured at 2.52 THz for three different field
orientations. Vertical scale is magnified for lower two traces.
FIG. 8. Temperature dependence of the intensity of spin gap excitation signal and tempera-
ture dependence of the energy gap evaluated from the shift of the resonance field by the method
mentioned in the text. The inset shows the temperature dependence of ESR spectra at 2.52 THz
forH ‖ a
FIG. 9. Schematic views for several possible charge distribution. Ellipsoid and gourd-shaped
area show symmetrical and asymmetrical charge distributions in a V-O-V bond, respectively. Ex-
change coupling along the leg of the ladder are different among different charge distribution patterns
and a local breaking of the inversion symmetry is caused for a particular type of charge distribution.
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